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Solution-Processable Septithiophene Monolayer TransistorCurrent efforts towards conjugated organic materials and 
(opto)electronic devices thereof, strive for the development of 
efficient photovoltaic cells, bright/multicolour organic light 
emitting diodes (OLED), or organic light emitting transis-
tors (OLETs), which combine in a single device the electrical 
switching functionality of a field effect transistor and the 
capacity of light generation.[1] In all of these applications, the 
efficiency of charge transport within the organic layers plays a 
key role. In an organic thin film field effect transistor (OFET), 
transport of carriers in the channel between the source and 
drain electrodes occurs in the first layers of the semiconductor, 
close to the dielectric layer adjacent to the gate electrode.[2,3] 
Thus, the transport property in such a device is very sensi-
tive to mole cular packing to the same extent as the interfa-
cial interactions between the three electrode terminals. Down © 2012 WILEY-VCH Verlag G
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Adv. Mater. 2012, 24, 973–978scaling the semiconducting film to a monolayer reduces the 
electrical transport to two dimensions. Therefore, any structural 
imperfection or deficient electrical contacts lead to potential 
barriers and, hence, to a deteriorated charge carrier mobility.[4] 
Often, the mobility in monolayer transistors is orders of mag-
nitude lower than in the corresponding multilayer film.[5,6] The 
major problems of polycrystalline films, as obtained usually, is 
the existence of structural defects and grain boundaries, which 
act as traps for the charge carriers and therefore considerably 
reduce mobilities.[5–7] Liquid crystalline (LC) π-conjugated 
mole cules may alleviate these restrictions.[8,9] Their capability 
to self-heal structural defects and form large structurally homo-
geneous domains is well documented.
Oligothiophenes are a promising class of organic semicon-
ductors, and their derivatives have been employed as active 
layers in OFETs. Significant research efforts have been devoted 
to the exploitation of oligothiophene derivatives but only a few 
examples of oligomers with more than six thiophene rings 
without solubilizing substituents in the β-position have been 
reported,[10–12] in particular because of their extremely low sol-
ubility. Examples of LC phases are described in the literature, 
wherein flexible peripheral substituents are combined with a 
rigid thiophene core.[11–13] In this work we report on the crystal 
structure of α,ω-substituted septithiophenes and we demon-
strate that this material is an excellent candidate for the realiza-
tion of monolayer OFETs. We first assessed the crystal structure 
of 2-octyldodecyl-disubstituted septithiophene (7T) and revealed 
the presence of several high temperature transitions between the 
crystalline and LC phases. We make use of the high solubility 
of these substituted septithiophenes for accurate control of the 
surface coverage by a simple spin coating process. The structure 
of the monolayer was assessed with scanning force microscopy 
(SFM) and X-ray reflectivity measurements. The process ena-
bled fabrication of monolayer OFETs which exhibit mobilities 
comparable to or even better than OFETs with vacuum depos-
ited multilayer films. In addition, the orientation and packing 
of 7T within the (sub)monolayer was probed with time-resolved 
fluorescence spectroscopy. The 2D packing of the molecules in 
the monolayer differs from the 3D crystal structure.
Design and Synthesis of the Oligothiophene: As described in a pre-
vious publication, the introduction of branched alkyl side chains 
in the α- and ω-positions and the use of a soluble precursor 
opened synthetic access to long oligothiophenes by the combina-
tion of ring-closure and metal catalyzed coupling reactions.[12b] 
The 2-octyldodecyl endgroups provide good solubility of 7T (see 
Figure 1) and have a strong impact on the packing properties of 














Figure 1. a) Molecular structure of 7T and DSC trace recorded during heating of 7T; the inset shows the corresponding cooling curve and the thermal 
transition temperatures. The ab plane of the 7T unit cell at RT (b) and reconstructed electron density profile along the {100}-direction (c). X-ray diffrac-
tion patterns recorded at room temperature (d), 100 °C (e) and at 168 °C (f); the fiber axis is vertical.LC Properties and Structures: Strong π−π interactions and 
separation between the rigid conjugated backbone and the 
long flexible chains in the periphery result in the presence of 
a LC phase. This was corroborated by measuring the specific 
heat (DSC)[12a] and by analyzing the temperature dependent 
X-ray diffraction (XRD) pattern. Indeed, the DSC thermogram 
of septithiophene depicted in Figure 1 shows three revers-
ible transitions:[21a] a low temperature thermal event at 65 °C 
(Δ H = 9 J g−1) followed by two consecutive transitions, one 
at 166 °C (Δ H = 39 J g−1) and a clearing transition at 171 °C 
(Δ H = 9.4 J g−1). The enthalpy of transition gives a hint to the 
existence of a LC phase prior to the isotropic phase. Analysis of 
the XRD pattern of extruded fibres (Figure 1d–f)[12a] recorded 
at different temperatures suggests that at low temperature 
the compound crystallizes in a triclinic unit cell (a = 36.8 Å, 
b = 8.90 Å, c = 11.34 Å, α = 90°, β = 80.4°, γ = 72°, P-1 sym-
metry, V = 1769.3 Å3, ρ = 1.07 g cm−3). The most intense equa-
torial peak with higher-order reflections up to nine orders is 
indicative of the presence of a well-ordered layer structure. The 
interlayer distance, the 100 spacing, of about 34.3 Å is shorter 
than the molecular length in its fully extended conformation 
(ca. 49 Å); hence, the molecules must be tilted with respect to 
the layer plane normal. The inclination of the thiophene core 
with respect to the layer plane normal was evaluated from 
the reconstruction of the electron density profile computed 
from ten orders of the fundamental reflection of the layered 
structure (Figure 1b,c). It was found that the thickness of the 74 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag sublayers with high and low electron densities, corresponding 
to the thiophene core and alkyl substituents, is 22.8 and 
11.5 Å, respectively. Therefore, the thiophene core is tilted by 
15° with respect to the layer plane. The presence of the bulky 
alkyl chains makes packing of the thiophene cores less dense 
than in compounds with linear alkyl chains.
The first thermal event at 65 °C corresponds to a crystal–
crystal transition, which does not modify the symmetry of the 
crystal lattice. At 100 °C the unit cell remains triclinic with the 
following parameters: a = 36.4 Å, b = 9.73 Å, c = 6.11 Å, α = 90°, 
β = 75.2°, γ = 65.9°, V = 1869.0 Å3, and ρ = 1.01 g cm−3. How-
ever, a slight contraction of the unit cell above 65 °C leads to 
reorganization of the molecules in the unit cell whereby strong 
and broad off-meridian peaks split into sharp well-defined 
reflections. Between 166 and 171 °C, the compound is in the 
LC state. It is organized in smectic layers of 33.6 Å thickness.
Film Formation: Because of the bulky alkyl substituents, the 
solubility of the septithiophene is relatively high compared 
to the unsubstituted one, with a saturation concentration of 
3 g L−1 in toluene. This concentration is largely sufficient to 
cast several nanometer thick films. Characterized by SFM, the 
film’s morphology is very homogeneous even on a large scale. 
The molecules form a layered structure with a 34 Å step height. 
This value is similar to the 100 spacing of the bulk material, as 
inferred from the XRD pattern discussed previously. Thus in a 
thick film, the material organizes in layers with the molecules 













Figure 2. b) The solution concentration of 7T versus the surface coverage; the film coverage 
was estimated from the SFM data; 100% coverage is achieved at 0.89 g L−1 in toluene. The 
SFM micrographs (c–e) show the morphology of the monolayer depending on the solution 
concentration. In addition, in submonolayer coverage of the islands is square shaped and 
in the upper image (a) the internal sub-structure of the islands with a periodic length of 
ca. 250 Å is resolved.To form a physisorbed monolayer it is essential to accurately 
control the surface coverage. The low nucleation density with 
pronounced growth rate is a prerequisite to reduce the density 
of the grain boundaries and to obtain large 2D single crystals. 
Often non-substituted oligothiophenes exhibit a marked ten-
dency to form 3D layered islands before the monolayer is com-
pleted. Only in rare cases is the formation of islands without 
a closed monolayer observed; in most cases the monolayer is 
formed followed by the formation of islands. Here, it is dem-
onstrated that septithiophene behaves remarkably differently. 
Essentially, the surface density of monolayer islands increase 
linearly with the solution concentration (Figure 2), while the 
increment is sensitive to the surface energy and processing con-
ditions (e.g., spinning velocity and evaporation rate). On a SiO2 
surface, a complete monolayer was achieved from toluene con-
taining 0.9 g L−1 septithiophene. The average island size was ca. Figure 3. X-ray reflectivity data for the monolayer. The data (symbols) are presented together 
with the best fit to a three-layer model (red line). The scheme depicts the sublayer’s structure 
as obtained by the fit.1–2 μm. Above this concentration, the mol-
ecules have a tendency to form multilayer 
stacks with a well defined thickness of 34 Å. 
Striking is the rectangular symmetry of the 
islands which infer their crystalline nature. 
High resolution SFM imaging allows resolu-
tion of the inner superstructure with a 250 Å 
periodicity (Figure 2). This shape becomes 
difficult to resolve once the monolayer cov-
erage is reached, likely a result of coarsening 
of the domains. The superstructure may 
be the result of two-dimensional organiza-
tion of the molecules. Indeed, in 3D, 7T 
crystallizes in multilayer stacks with partial 
interdigitation of the alkyl chains while the 
thiophene cores are inclined relative to the © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2012, 24, 973–978layer plane. However, it will be shown below 
that in a monolayer, the molecules are tilted 
at an angle greater than in the 3D crystal. 
Apparently, the surface force (the confining 
interface) and lack of interdigitation lead to 
a large tilt angle, which would weaken the 
π−π interactions. Thus, a balance between 
geometrical requirements and intermo-
lecular interaction could be the cause of this 
superstructure.[14,13a] Additional modeling 
together with grazing incidence diffraction is 
required to understand how a monolayer of 
tilted molecules with a rigid conjugated back-
bone and long flexible chains in the periphery 
generates such a superstructure.
X-Ray Reflectivity (XRR): The molecular 
packing and the position of the long axes of 
the thiophene core relative to the dielectric 
surface plane are important for optoelec-
tronic properties of the septithiophene mon-
olayers. For this purpose the layer structure 
of the monolayer perpendicular to the sub-
strate surface was investigated by XRR.
XRR experiments were executed for three 
films spun from solutions with concen-
trations of 0.5, 0.9, and 1.0 g L−1 and for a 
fourth sample, spun from a 0.9 g L−1 solu-tion and subsequently solvent annealed. The XRR data were 
fitted to determine the structure of the monolayer.[15] A three-
layer model was used to account for the different electron den-
sities of the alkyl chains and the thiophene backbone (Figure 3). 
The XRR fits confirm that the films are monolayers and reveal 
the thicknesses of the individual sublayers. The best fit was 
obtained for the solvent annealed 0.9 g L−1 sample showing that 
the three-layer model is the right choice. Total electron densi-
ties of 0.43 Å−3 were found for the thiophene layer and 27 and 
0.29 Å−3 for the top and bottom alkyl layer, respectively. A thick-
ness of 20.5 Å was obtained for the thiophene layer and 9.3 or 
11.3 Å for the alkyl layers; the roughnesses between the layers are 
around 2 Å. An estimation of the tilt angles of the thiophene back-
bone and alkyl chains with respect to the substrate surface normal 
(Figure 3) can be calculated from the sub-layer thicknesses and the 















Figure 5. a) Fluorescence (F) and fluorescent excitation (FE) spectra 
of 7T molecules in MeTHF. The blue lines represent measurements in 
solution at 293 K, the red dashed curves at 80 K. b) Fluorescence and 
excitation spectra of a fully covered (0.9 g L−1 = 100% film) 7T monolayer 
on quartz (blue solid lines). The black line shows the extinction of the 
100% film measured at zero angle of incidence. c) Fluorescence inten-
sity of partially covered, 0.5 g L−1 = 50% film and fully covered 100% 7T 
monolayers on quartz.
Figure 4. Linear and saturated transfer characteristic of a 7T spin-coated 
monolayer field-effect transistor. The channel length is 40 μm and the 
channel width is 1000 μm. To prevent parasitic leakage currents, a ring 
geometry was used. The inset shows the linear and saturated mobility.sample the long molecular axis of the 7T is tilted with an angle of 
approximately 40° with respect to the substrate surface.
Electrical and Optical Characterization: The microstructure of 
thin films and single crystals of conjugated oligomers such as 
oligothiophenes, oligophenylenes, and oligophenilene-vinylenes 
is based on stacked layers in which the long molecular axes are 
parallel to each other with a herringbone configuration. The 
overlap between the π-orbitals favors charge transport. Here 
we investigate the electrical transport in monolayer field-effect 
transistors and the molecular packing by optical spectroscopy.
In general, transistors are annealed prior to the measure-
ments at 130 °C to remove any residual water and solvent. How-
ever, the 7T molecules exhibit a transition at 65 °C, limiting the 
annealing temperature to 60 °C. As a result, a small hysteresis at 
high source–drain bias and a relatively large parameter spread is 
observed. In Figure 4, a typical transfer characteristic for a ring 
transistor with a channel length of 40 μm and a channel width of 
1000 μm are presented. The transfer curve shows a current mod-
ulation of five decades. The inset shows that the linear mobility 
is about 1 × 10−2 cm2 V−1 s−1 which is an order higher than the 
mobility of the bulk drop-cast films (∼2 × 10−3 cm2 V−1 s−1). The 
mobility, however, is comparable to that measured in quinquethi-
ophene (5T) self assembled monolayer field-effect transistors 
(SAMFETs) (2 × 10−2 cm2 V−1 s−1).[7] The mobility is thermally 
activated. The activation energy as obtained from tempera-
ture dependent mobility measurements μFET = μ0 exp(–Ea/kT) 
amounted to 60 to 90 meV, in good agreement with the activa-
tion energy obtained for 5T SAMFETs of 80 meV. The value of 
the activation energy indicates that the transport could still be 
trap limited by, for example, grain boundaries.wileyonlinelibrary.com © 2012 WILEY-VCH Verlag To investigate the molecular packing in the 7T monolayer 
we measured fluorescence, excitation and extinction, and 
time-resolved fluorescence spectra. The fluorescence and the 
fluorescence excitation of a dilute solution (10−5 M) of the 7T 
molecules dissolved in 2-MeTHF is shown in Figure 5a. The 
spectra were measured at room temperature (solid lines) and 
at a low temperature of about 80 K (dashed line) in the glassy 
state of the solvent. The dilute solution shows a very bright 
fluorescence with an onset at 2.35 eV. The spectrum at room 
temperature shows a characteristic vibronic fine structure 
that becomes more pronounced at low temperature in frozen 
2-MeTHF. The excitation spectrum shows an onset at 2.4 eV. At 
room temperature the vibronic fine structure is hardly resolved, 
only a broad structure remains with a maximum near 2.6 eV. 
Figure 5a shows a pronounced vibronic fine structure at low 
temperature, 80 K. The difference originates from the torsional 
flexibility around the single bonds joining the thiophene rings. 
The significant thermal population of the non-planar conforma-
tion of the 7T moiety causes the loss of fine structure at room 












NThe fluorescence, excitation, and extinction spectra of the 
fully covered 7T monolayer, spin-coated on a quartz substrate, 
are shown in Figure 5b. The film obtained with 0.9 g L−1, cor-
responding to 100% coverage, shows the onset of fluorescence 
at 2.2 eV with a maximum intensity at about 2.0 eV. The exci-
tation spectrum displays an onset at 2.3 eV with a maximum 
intensity near 2.66 eV. The extinction spectra do not show 
a strong dependence on the angle of incidence. The spectra 
exhibit the same shape as the excitation spectrum. The transi-
tion dipole moment for the lowest energetically allowed optical 
transition of the 7T moiety, S0–S1, is oriented along the long 
axis of the molecule. The substantial extinction measured 
under a zero degree angle of incidence indicates that the thi-
ophene core is not perpendicular to the surface but tilted. It 
is well-known that, in first approximation, the dipole strength 
of an absorption band is conserved when comparing isolated 
and interacting molecules.[16] This allows us to obtain an 
estimate of the tilt angle of molecules by evaluating the area 
under the absorption curve and comparing this with the iso-
tropically averaged dipole strength of the isolated molecules as 
observed in 2-MeTHF solution. For compound 7T in 2-MeTHF 
we obtain a dipole strength of 120 D2 and hence a transition 
dipole moment of 9.5 D when including a correction for the 
Lorentz local field in the solvent (n = 1.49) cage around the 
molecule.[17] For the fully covered film we find that the projec-
tion of the transition dipole moment in the plane of the film 
along the surface direction amounts to 10.85 D. This implies 
an angle between the transition dipole moment of the molecule 
and direction perpendicular to the surface of approximately 
60°. The tilt is different to that derived from XRD measure-
ment as discussed above. We note that the excitation spectra 
at low temperature are similar to that at room temperature. 
Small changes, however, are observed in the emission spectra. 
The intensity ratio of the vibronic bands slightly depends on 
temperature. A new peak appears that may indicate tempera-
ture induced reorganization. Data are shown in the Supporting 
Information.[18]
The spectra of the isolated molecules are different from that 
of a fully covered monolayer. The maximum in the excitation of 
the film is blue-shifted with respect to that of a single molecule. 
Furthermore the onset of the 0–0 fluorescence is red-shifted, 
and the ratio of the 0–0 and 0–1 vibronic bands is larger in the 
film than for the single molecule. The differences indicate that 
the 7T molecules in the film are packed into H aggregates.[19] 
The 0–0 transition then is partially forbidden and the fluores-
cence is red-shifted and dominated by the 0–1 vibronic transi-
tion. Similarly, the extinction is blue-shifted.
The H aggregate packing is supported by the intensity of the 
fluorescence. Single molecules exhibit a bright fluorescence. 
The emission in thin films is optically forbidden and, therefore, 
the intensity of thin films is orders of magnitude lower than 
expected from the fluorescence quantum efficiency of single 
molecules. We note that the fluorescence intensity scales with 
coverage. Figure 5c shows that the fluorescent intensity of a 
0.5 g L−1 (50% coverage) film is almost half of that of the fully 
covered film. This clearly shows that the fluorescence origi-
nates from the monolayer islands and that a contribution from 
single molecules in between the islands to the fluorescence can 
be disregarded.© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 973–978The fluorescence decay was measured at room temperature 
for isolated molecules and thin films. The fluorescence of single 
molecules decays exponentially with time irrespective of emis-
sion wavelength. The decay time is 1.3 ns. The decay of thin 
films does not depend on the coverage. The decay time is about 
0.5 ns, ruling out the presence of isolated molecules in the 
films. The shorter decay time in the film indicates the presence 
of additional photophysical decay pathways, possibly involving 
intermolecular charge transfer interactions. The decay time 
does not depend on the emission wavelength. Hence the emis-
sion in the partially and fully covered films originates from the 
same type of H aggregates.
In summary we have demonstrated that 2-octyldodecyl-dis-
ubstituted septithiophene is capable of forming crystalline and 
liquid crystalline phases. In 3D, 7T crystallizes in multilayer 
stacks with partial interdigitation of alkyl chains while the thi-
ophene cores are inclined relative to the layer plane. However, 
in a monolayer, the molecules are tilted at an angle greater than 
in the 3D crystal. The bulkiness of the endgroups enhances the 
solubility and allows for solution deposition and self-assembly 
of an electrically connected monolayer. The process resulted in 
monolayers with high mobility and on–off current modulation 
in a field effect transistor. Moreover, spectroscopic signatures of 
the monolayer could be recorded and are consistent with those 
expected from a closely packed layer of tilted molecules. Differ-
ences in spectroscopic properties of the monolayer and isolated 
molecules in solution provide evidence for delocalization of the 
excitation through intermolecular interactions within the layer.
Experimental Section
Film Preparation and Microscopy: The desired amounts of 7T were 
weighed into a brown GC vial and HPLC grade toluene was added 
according to the target concentration. The mixture was stirred under 
room temperature overnight, a transparent yellow solution was obtained, 
and it was filtered through a 0.2 μm PTFE syringe filter before use. 
Silicon wafers were cleaned by sonication in isopropyl alcohol for 5 min, 
dried with air stream, and activated in UV/O2 for 12 min. 7T thin films 
were prepared by placing a drop of solution onto a cleaned silicon wafer 
and spin coated at a spinning rate of 2500 rpm for 30 s (Convac 1001S, 
Germany). The surface coverage was controlled by concentration.
The morphology of the 7T thin films was investigated by a tapping 
model SFM (NanoScope V, Digital Instruments Veeco Instruments, 
Santa Barbara, CA) under ambient conditions. Commercially available 
standard silicon cantilevers (PPP-SEIH-W from Nanosensors) with a 
spring constant of 5 –37 N m−1 and an oscillation frequency of ∼125 kHz 
were used. Data analysis was performed using Digital Instruments 
software, NanoScope Analysis, version 1.10.
Differential Scanning Calorimetry (DSC): DSC measurements were 
performed on a Netzsch DSC 404 instrument under the protection of 
a N2 stream. About 1 mg of 7T was sealed in an aluminum pan, and 
heated to 200 °C and kept at that temperature for 2 min to erase the 
thermal history, and then cooled to –70 °C at a rate of 10 ° C min−1. 
Afterwards the sample was heated to 200 °C at a rate of 10 ° C min−1 
again to determine the melting behavior of the compound.
X-Ray Diffraction (XRD): XRD experiments were conducted on 
the ID01 beamline of the European Synchrotron Radiation Facility 
(ESRF, Grenoble) using X-ray photons with energy of 10 keV. During 
measurements, the samples were placed in a chamber with Kapton 
windows equipped with a computer-controlled heating/cooling stage. 
The diffraction patterns were collected using a 2D photon-counting pixel 














N the image distortion correction was performed using special calibration 
frames. The sample-to-detector distance was calibrated using several 
diffraction orders of Ag behenate powder.
X-Ray Reflectivity (XRR): XRR measurements were performed at the 
W1 beamline at the synchrotron radiation source HASYLAB (Hamburg, 
Germany) using a wavelength of λ = 0.118 nm. The samples were 
measured under a helium atmosphere to avoid radiation damage. The 
XRR data was fitted with the software package GenX.[15]
Electrical and Optical Characterization: Spin-coated monolayers of 7T 
molecules were prepared on heavily doped silicon wafers acting as the 
common bottom gate covered with a 200 nm layer of thermally grown 
SiO2. The gold source and drain contacts were defined by conventional 
photolithography. Ti (10 nm) was used as an adhesion layer. Normally 
HMDS was applied to passivate the SiO2 gate dielectric. However, 
the presence of HMDS led to crystallization of the 7T molecules. 
Therefore, prior to spin-coating the monolayer, any HMDS and all 
organic contaminants were removed by 10 min UV-ozone treatment. 
The monolayer could be applied by spin-coating 7T molecules from a 
toluene solution of 1 mg mL−1 at 2000 rpm for 30 s with an acceleration 
of 600 rpm s−1. AFM experiments have shown that the morphology of 
the monolayer on the patterned SiO2 is similar to that on bare silicon. 
The electrical transport was measured using a HP 4155C semiconductor 
parameter analyzer in a vacuum of 10−6 mbar.
Fluorescence spectra were recorded using a continuous wave 
spectrophotometer (Edinburg Instruments F900). Measurements 
at room temperature were performed in inert atmosphere (N2), low 
temperature spectra were taken using a cryostat. Spectra were corrected 
for the wavelength dependence of the sensitivity of the detection channel. 
Fluorescence lifetimes were obtained through single photon counting.
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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